Precision spectroscopy of simple atomic systems has refined our understanding of the fundamental laws of quantum physics. In particular, helium spectroscopy has played a crucial role in describing two-electron interactions, determining the fine-structure constant and extracting the size of the helium nucleus. Here we present a measurement of the doubly-forbidden 1557-nanometer transition connecting the two metastable states of helium (the lowest energy triplet state 2 3 S 1 and first excited singlet state 2 1 S 0 ), for which quantum electrodynamic and nuclear size effects are very strong. This transition is fourteen orders of magnitude weaker than the most predominantly measured transition in helium. Ultracold, sub-microkelvin, fermionic 3 He and bosonic 4 He atoms are used to obtain a precision of 8×10 −12 , providing a stringent test of two-electron quantum electrodynamic theory and of nuclear few-body theory.
The first observations of helium emission spectra at the end of the 19th century revealed two separate series of lines, associated with orthohelium and parahelium respectively. In 1926 Heisenberg explained the distinction between these two spectra on the basis of wave mechanics, electron spin and the Pauli exclusion principle (1) . The spectrum of orthohelium arises from triplet states for which the electron spins are parallel, whereas in parahelium the electron spins are anti-parallel, forming singlet states (Fig. 1) . From the lowest state of orthohelium, the 1s2s 3 S 1 state (denoted 2 3 S 1 ), only excitations to triplet states have been observed. Orthohelium transitions from the 2 3 S 1 state and associated studies of the n 3 P 0,1,2 (n=2,3) finestructure splittings (2-7) have enabled tests of quantum electrodynamics (QED) (8, 9) as well as a determination of the fine-structure constant (5, 10) . In the singlet spectrum of helium (parahelium), electric-dipole transitions from the 1 1 S 0 ground state (11) and from the metastable 2 1 S 0 state (12, 13) have also provided tests of high-precision QED calculations. All these frequency metrology studies have been performed using either atomic beams or gas discharges. However, helium in the metastable 2 3 S 1 state (He*, lifetime 8 × 10 3 s) can be laser cooled and trapped, which allows much longer interaction times for excitation of weak transitions. He* atoms have been cooled to µK temperatures, revealing quantum statistical effects of bunching and antibunching (14) and achieving quantum degeneracy for both the bosonic isotope He. This transition is an excellent testing ground for fundamental theory of atomic structure. Due to a large electron density at the nucleus, the energy of S-states is the most sensitive to QED and to nuclear size effects (8) . For the 2 3 S 1 and 2 1 S 0 metastable states, QED terms contribute 4 and 3 GHz respectively, to a total binding energy of 10 6 GHz (8, 9) . The present accuracy in the QED calculations is 2 MHz, based on an estimate of non-evaluated higher-order terms. Many of these terms are common between the isotopes. Therefore, in the calculation of the isotope shift (i.e., the difference between the transition frequencies for 4 
He and 3
He) mass-independent terms cancel and the uncertainty is reduced to the sub-kHz level (18) . As the finite nuclear charge radius shifts the 2 3 S 1 state by 2.6 MHz and the 2 1 S 0 state by 2.0 MHz, an accurate isotope-shift measurement allows a sensitive determination of the difference in the mean charge radius of the α-particle and of the 3 He nucleus, providing a stringent test of nuclear charge radius calculations and experiments (19) .
The natural linewidth of the 2
S 0 transition is 8 Hz, determined by the 20-ms lifetime of the 2 1 S 0 state which relaxes via two-photon decay to the ground state (Fig. 1 ). This transition is 200 000 times narrower than the natural linewidth of the 2 3 P state, which is most prominently used for spectroscopy in helium. The Einstein A-coefficient for the 2 (20, 21) , fourteen orders of magnitude smaller than for the electric-dipole transition from 2 populated by electron impact in an electric discharge. The atomic beam is collimated, slowed and trapped using standard laser cooling and trapping techniques on the 2 3 S 1 → 2 3 P 2 transition at 1083 nm. The atoms, optically pumped to m J =+1, are then transferred to a Ioffe-Pritchard type magnetic trap.
4
He* atoms are evaporatively cooled towards Bose-Einstein condensation by stimulating radio-frequency (RF) transitions to untrapped states. For 3 He* (in the F =3/2 hyperfine state), quantum degeneracy is reached by sympathetic cooling with 4 He*. Either one, or both, of the two isotopes are transferred into a crossed-beam optical dipole trap. This trap consists of two focused 1557-nm laser beams, intersecting at their foci as shown in Fig. 2 . We transfer up to 10 6 atoms to this optical trap. After loading the optical trap, the atoms are illuminated by a separate beam for spectroscopy which is derived from the same laser as the optical trap beam, but is switched and frequency shifted by a 40-MHz acousto-optic modulator. A heterodyne signal is set up between the 1557-nm laser and a mode of a femtosecond frequency comb laser to deduce the absolute frequency of the spectroscopy laser. The frequency comb is based on a mode-locked erbium-doped fiber laser, for which both the repetition rate and the carrier-envelope-offset frequency are referenced to a GPS-controlled Rubidium clock (23) .
After a certain interaction time (typically 1 to 6 s), both the spectroscopy beam and the trap beam are switched off, allowing the atoms to fall due to gravity. The high internal energy of He* (20 eV above the 1 1 S 0 ground state) allows for efficient detection on a microchannel plate (MCP) detector (Fig. 2) . The MCP signal reflects both the number of atoms and their temperature. In the case of 4 He, the signal has a bimodal character that results from the combination of Bose-condensed atoms and thermal atoms ( Fig. 3(a) ); a fit to this signal provides the number of condensed atoms (23) . Because the excited state is anti-trapped, the trap is depleted when the spectroscopy beam is resonant with the atomic transition. By deducing the remaining number of 2 3 S 1 atoms for various laser frequencies, the atomic resonance frequency is determined from a Gaussian fit to the data ( Fig. 3(b) ). The observed linewidth is largely due to the 75-kHz laser linewidth.
Several systematic shifts in the transition frequency are taken into account (23) . The largest shift is due to the Zeeman effect. The measured transition, 2
He, and 2
He, is shifted from resonance predominantly by the Earth's magnetic field. The size of the shift is deduced by measuring the resonance frequency of RF spin-flip transitions between the 2 3 S 1 magnetic substates. An additional shift is caused by the momentum transfer from a 1557-nm photon to an atom. In the case of 4 He, the high density of the condensate could potentially cause a meanfield shift (24) . However, by performing the experiment with reduced atomic density, no shift is observed.
The second largest systematic frequency perturbation is due to the AC Stark shift associated with the intense 1557-nm light which induces the dipole trap: the specific energy state of the trapping potential for an atom determines the AC Stark shift for that atom. For He, only excitations of atoms condensed in the ground state of the dipole trap are taken into account in determining the transition frequency. As the trap depth depends linearly on laser intensity, measuring the resonance frequency for a range of applied laser powers allows an extrapolation to zero laser intensity. In contrast, For both isotopes, our result agrees with QED calculations of the ionization energies of the two metastable states (9, 25) . The present experimental error in the transition frequency is three orders of magnitude smaller than estimates of non-evaluated higher-order terms in stateof-the-art QED calculations and presents a significant challenge for groups involved in atomic structure theory.
An indirect value of the energy difference between the 2 Isotope shift measurements, combined with high-precision QED theory, provide a method to isolate contributions due to finite nuclear size effects. The difference in nuclear charge radii between He is determined by comparing experiment and theory. Because the 4 He nuclear charge radius is the most precisely known radius of all nuclei determined from electron scattering experiments (26), 1.681(4) fm, a value of the 3 He nuclear charge radius with similar precision can be deduced. In calculating the isotope shift, QED theory is more precise than our measurement as mass-independent terms cancel. The theoretical value for the isotope shift (assuming point-like nuclei) is 8 034 148.6(7) kHz (23) . Subtracting the measured transition frequencies and correcting for the accurately-known hyperfine structure (25, 27) , we find an isotope shift of f 4 -f 3 + f hf s = 8 034 367.2(2.3) kHz. The 218.6 kHz difference may be attributed to the finite size of both nuclei. This nuclear shift is proportional to the difference in the nuclear charge radii squared, ∆r . ∆r 2 c represents a more universal parameter than the value of the isotope shift as it is obtained from various branches of physics. Besides through spectroscopic means, it can be determined from nuclear theory and from electron-scattering experiments. Nuclear few-body theory provides ∆r , obtained using the most recent QED calculations (19) . Although the measurement precision of the isotope shift for this transition is comparable to our precision, the smaller uncertainty in ∆r 2 c is due to a larger sensitivity to differential nuclear charge effects. Presently, the accuracy to which the 4 He charge radius is known sets a lower limit on the uncertainty of the 3 He charge radius determined from helium spectroscopy. Our measurement presents a value for the 3 He nuclear charge radius of 1.961(4) fm.
We have also demonstrated that all of the trapped atoms can be transferred to the 2 1 S 0 state, producing a source of ultracold singlet helium. Optically trapping these atoms simultaneously with cold 1 1 S 0 ground state atoms (produced after two-photon decay) opens up the possibility to perform two-photon spectroscopy on the 2 (11, 31) , where QED and nuclear size effects are strongest. S 1 state as a function of applied laser frequency (relative to the fitted center frequency f 0 ). The line is a fit of a Gaussian to the data. We measure linewidths varying from 75 to 130 kHz depending on the trap depth and on the isotope. 
SUPPORTING ONLINE MATERIAL Experimental details
The 1557-nm laser beam is generated by an NP-Photonics erbium-doped CW fiber laser (Scorpio), which has a specified short-term spectral linewidth of < 5 kHz and has a piezoelectric input for fast frequency tuning. The power used for the optical trap is variable and is measured on a thermopile power meter. The minimum power required to trap atoms is 15 mW and the maximum used is 250 mW, which corresponds to a trap depth ranging from 0.3 to 5 µK, and axial and radial trap frequencies ranging from (ω ax , ω rad ) = 2π × (20, 140) Hz to 2π × (80, 570) Hz. The lifetime of atoms in the trap is limited by background collisions to approximately 15 s. After being loaded into the optical trap, the atoms are illuminated by the spectroscopy beam. This beam has a waist of 280 µm at the position of the atoms, much larger than the cloud size. A measure for the number of atoms is obtained by letting the atoms fall onto a microchannel plate (MCP) detector, located 17 cm below the trap center. The MCP signal ( Fig. 3(a) ) shows an integrated time-of-flight trace of the atoms as they hit the detector. In the case of 4 He the signal shows a bimodal character, which is fitted with a linear combination of a gaussian and a parabolic function, representing the thermal atoms and Bose-condensed atoms respectively (15, 22) . For 
Systematic shifts and uncertainties
To obtain the value of the transition frequency several systematic shifts need to be evaluated, i.e., the AC Stark shift, the Zeeman shift, the recoil shift and, in case of a Bose-Einstein condensate a mean-field shift. A summary of the systematic uncertainties are shown in Table S1 . The systematic shifts and uncertainties are discussed in detail below. Total (in quadrature) 1.8 1.5
Frequency comb. The 1557-nm laser frequency is locked to a frequency comb based on a modelocked erbium-doped fiber laser (Menlo Systems), for which both the repetition rate and the carrier-envelope-offset frequency are referenced to a GPS-controlled Rubidium clock (PRS10 Stanford Research). The frequency comb has a long-term frequency stability of better than one part in 10
12
. The beat frequency between the 1557-nm laser and one of the comb modes is measured on a fast photo-diode. The n th comb mode producing the lowest frequency beat with the 1557-nm laser is the one for which n-times the repetition rate (f rep ≈ 250 MHz) of the comb laser plus the carrier-envelope-offset frequency (f ceo = 20 MHz) matches the 1557-nm laser frequency most closely, then f 1557 nm = f ceo + nf rep ± f beat . In order to determine the absolute frequency of the spectroscopy laser the specific comb-mode number n is determined using an accurately calibrated wave meter. The beat frequency of the 1557-nm laser with the frequency comb is continuously measured and regulated by a feed-back loop to match a setpoint frequency. The integration time is 30 ms, which is a trade-off between the averaging time of the comb laser and the short-term stability of the spectroscopy laser. This laser locking scheme results in a long-term laser linewidth of 75 kHz (FWHM). For each instance of measuring the 2 Zeeman shift. The transition frequency is shifted by the differential Zeeman shift of the initial and the final state in a residual magnetic field, the magnitude of which is approximately 0.5 G, predominantly due to Earth's magnetic field. In a field this size, only first-order Zeeman effects are of relevance at the precision of our experiment. (Fig. S1) . After a 40-µs RF pulse at a set frequency, the atoms are released from the dipole trap and the spin-state populations are separated during time-of-flight in an applied magnetic field gradient. Subsequently, an absorption image is taken from which the relative populations of the magnetic substates are obtained. The Zeeman shift equals the frequency for which most atoms are transferred. On average, the uncertainty of the value we deduce for the Zeeman shift using this procedure is 0.5 kHz.
Zeeman shift measurements are performed intermittently with 2
S 0 transition measurements in order to compensate for slow changes in the magnetic field. The standard deviation of the value of the Zeeman shift over the course of a day is, on average, 2 kHz which corresponds to a stability of the magnetic field of ±0.7 mG. Mean-field shift. An additional correction to the transition frequency for lision frequency shift (24) . Originating from the difference in mean-field energy between the ground state and the excited state, this frequency shift is proportional to the density of trapped atoms and to the difference in s-wave scattering lengths for the triplet-triplet and the tripletsinglet molecular potentials. The triplet-triplet scattering length is +7.5 nm (32); however, the value of the triplet-singlet scattering length is presently unknown. By measuring the 2 3 S 1 → 2 1 S 0 transition frequency with a high atomic density and with a low atomic density (reduced by a factor of 5) and taking the difference, we find a mean-field shift of 0.07 ± 1.08 kHz which is consistent with no mean-field shift to within 1.1 kHz.
Recoil shift. Due to momentum conservation, when an atom is excited from the 2 3 S 1 state to the 2 1 S 0 state, the momentum of the atom is increased by the momentum of the absorbed photon: ∆p = hf /c, where h is the Planck constant, f is the photon frequency and c is the speed of light. The corresponding increase in kinetic energy for the atom must come from the photon, leading to a recoil shift of ∆E = He atom excited by a 1557-nm photon, the recoil shift is 20.6 kHz and for
3
He it is 27.3 kHz, with negligible uncertainty.
AC Stark shift extrapolation. The AC Stark shift is linearly proportional to the sum of the power in the trap and spectroscopy beams. The trap-to-spectroscopy power ratio is fixed, but the total power is variable and measured on a thermopile power meter. The atomic transition is measured (18) relates the nuclear charge radius to an effective rms radius of the nucleus (corresponding to the distribution of point-like protons and neutrons in the nucleus), to the mean-charge radius of the proton and to the mean-charge radius of the neutron. The effective rms radius is taken from Tables 7 and 8 of Ref. (28) . The results given in these Tables correspond to state-of-the-art calculations of nucleon-nucleon and three-nucleon forces.
